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Abstract We have developed a simple NMR-based method to determine the turnover of nucleotides and incorporation into RNA by stable isotope resolved metabolomics (SIRM) in A549 lung cancer cells. This method requires no chemical degradation of the nucleotides or chromatography. During cell growth, the free ribonucleotide pool is rapidly replaced by de novo synthesized nucleotides. Using [U-
13 C]-glucose and [U-13 C, 15 N]-glutamine as tracers, we showed that virtually all of the carbons in the nucleotide riboses were derived from glucose, whereas glutamine was preferentially utilized over glucose for pyrimidine ring biosynthesis, via the synthesis of Asp through the Krebs cycle. Incorporation of the glutamine amido nitrogen into the N3 and N9 positions of the purine rings was also demonstrated by proton-detected 15 N NMR. The incorporation of 13 C from glucose into total RNA was measured and shown to be a major sink for the nucleotides during cell proliferation. This method was applied to determine the metabolic action of an anti-cancer selenium agent (methylseleninic acid or MSA) on A549 cells. We found that MSA inhibited nucleotide turnover and incorporation into RNA, implicating an important role of nucleotide metabolism in the toxic action of MSA on cancer cells. Stable isotope tracer approaches are indispensible to mapping metabolic pathways and fluxes in detail, which have been applied in studies of cells, tissues, organisms, and even human subjects (Fan et al. 1986 (Fan et al. , 2010 Zwingmann and Leibfritz 2003; Delgado et al. 2004; Mancuso et al. 2005; Vizan et al. 2005; Mendes et al. 2006; Bak et al. 2007; DeBerardinis et al. 2007; Mason et al. 2007; Lane et al. 2008; Beger et al. 2009 ).
Keywords
We have previously noted that the free nucleotide pools of proliferating cells supplied with 13 C-glucose are rapidly replaced by 13 C-enriched nucleotides. In particular, the ribose moiety became essentially completely labeled, indicating its synthesis via the sequence of glycolysis and the pentose phosphate pathway (Fan et al. 2005 Lane and Fan 2007; Telang et al. 2007; Moseley et al. 2011) . The nucleobase carbons also became labeled from 13 C-glucose, which is consistent with active synthesis of pyrimidine bases. As the total concentration of free nucleotide remains essentially unchanged during the labeling period, it was assumed that, the free nucleotides are turned over for other uses, and must be replenished by de novo synthesis. Notable sinks for nucleotides in proliferating cells are RNA and nucleotide modified proteins, which are not normally recovered by methods designed to extract polar metabolites, or is invisible to NMR in vivo for their large size.
Dividing cells also require nucleotide triphosphates (NTPs) for driving numerous anabolic processes such as the synthesis of lipids, proteins, RNA, and DNA. The regulation of free nucleotide biosynthesis is thus critically important in cells (Murray et al. 2009 ). De novo nucleotide biosynthesis requires the coordinate activity of the pentose phosphate pathways (for ribose) and of nucleobase synthesis. For pyrimidine, the base synthesis involves orotate dehydrogenase which requires functioning electron transport chain in the mitochondria (Nelson and Cox 2005) . Quantitatively, the synthesis of RNA is the most important process that incorporates free nucleotides into macromolecules, thereby necessitating de novo nucleotide synthesis in proliferating cells. Thus, in order to understand how nucleotide biosynthesis is regulated, knowledge of both the turnover of the free nucleotide pools and the major sink, RNA is required.
Total RNA can be easily extracted from cultured cells , and the radiotracer approach has been popular because incorporation of radioisotopes can be readily detected. Radioisotope labeling however, damages the nucleic acids (Hu et al. 2002) , and radioactivity counting provides no information about the position of the labeled atoms in individual nucleotides, which is essential to reconstructing the various pathways leading to the nucleotide synthesis. More recently, Cascante, and coworkers have developed a mass-spectrometry-based method for determining stable isotope incorporation into RNA. This involves extraction of RNA, hydrolysis to the nucleotides, and then further chemical processing to distinguish between label in the ribose and heterocyclic base moieties (Boren et al. 2001; Vizan et al. 2005 Vizan et al. , 2007 Centelles et al. 2007 ).
An alternative approach is to utilize NMR to determine directly isotope distributions at individual atoms in both the ribose and base moieties simultaneously without chemical degradation or chromatographic separation. We have therefore developed such NMR-based method for determining positional 13 C or 15 N labeling patterns in RNA recovered from cancer cells grown in 13 C-glucose or 13 C, 15 N-Gln. With modern NMR instruments, the method is sufficiently sensitive to determine isotope incorporation into a few lg RNA extracted from cells, which is comparable to the amounts typically used for gene microarray analysis.
We have applied the method to probe the effect of anticancer selenium compounds on nucleotide and RNA metabolism. Various selenium compounds have been shown to be cytotoxic or cytostatic to tumor cells (Ip et al. 2002) , which was the basis for their potential use as chemopreventive or therapeutic agents (Combs 2004) . From the early clinical trials with selenium supplementation at supranutritional levels (Clark et al. 1996) , certain selenium compounds in the selenized yeast were effective against prostate cancer (Combs 2004) . It is now clear that the anticancer efficacy is highly dependent on both the chemical form of the selenium and on the target site (Ganther 1999; Fan et al. 2005 Fan et al. , 2006 Lippman et al. 2009 ). This is particularly illustrated by the recent conclusion of the human prostate cancer trials (SELECT) that selenomethionine (SeM) was ineffective against prostate cancer prevention (Lippman et al. 2009 ). In contrast, monomethylated selenium compounds such as methylseleninic acid (MSA) are highly toxic to lung cancer cells (Fan et al. 2005 (Fan et al. , 2006 . We have been investigating the biochemical mechanisms of MSA action on inhibiting the proliferation of lung cancer cells (Fan et al. 2005 (Fan et al. , 2006 among others.
Here we demonstrate the technique for measuring the time course of incorporation of 13 C from [U-13 C]-glucose into the RNA of cultured human lung adenocarcinoma A549 cells which was directly compared with the time course of labeling of the free nucleotide pools, and the effect of MSA on nucleotide biosynthesis.
Materials and methods

Materials
Pure yeast RNA, nucleoside monophosphates and methylseleninic acid were obtained from Sigma Aldrich (St. Louis, MO). P1 microccocal nuclease was purchased from US Biological. All other reagents were of analytical grade.
Methods
Cell growth
Human lung adenocarcinoma A549 cells (ATCC) were grown on 10 cm plates at 37°C in a 5% CO 2 atmosphere in glucose and glutamine-free RPMI supplemented with 10 mM [U-13 C]-glucose (Sigma Isotec) and 2 mM unlabeled glutamine as previously described (Fan et al. 2005) . In parallel, cells were also grown in 2 mM [U-13 C, 15 N]-glutamine (Cambridge Isotope Laboratories, MA) plus 10 mM unlabeled glucose ). Cells were harvested by trypsinization at different times after exposure to the labeled glucose and washed 3 times in cold PBS to remove medium components as described previously (Fan et al. 2005 . Polar extracts were made using 60% cold acetonitrile or trichloracetic acid (w/v C40:1) as previously described (Fan et al. , 2010 Fan and Lane 2011a) .
MSA treatment
Time courses of A549 cells grown in 5 mM [U-
13 C]-glucose were obtained in the absence or presence of 5 lM MSA, which is the IC 50 for these cells grown under these conditions (T.W-M. Fan, unpublished data). Cells were harvested and processed as described above, and the extracts analyzed by NMR as described below.
RNA preparation
RNA was extracted and purified from the cells using the TRIzol reagent and RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Purified RNA was assayed by absorption at 260 and the ratio 260/280 nm using a Nanodrop UV/Vis spectrometer (ThermoFisher, Waltham, MA). Typically 100 lg RNA (length [ 200 nt) was obtained from one 10 cm plate, and 30 lg were used for RNA hydrolysis.
The extracted RNA was lyophilized and redissolved in 0.1 M sodium acetate buffer containing 1 mM ZnCl 2 , pH 5.3. The conditions for digestion were determined using unlabeled Sigma RNA. Two units of P1 nuclease were added to 1 ml RNA solution in the assay buffer (A 260 = 0.5-1 unit) in a capped quartz cuvette, and incubated at 50°C. The increase in A 260 was monitored as a function of time for the progress of hydrolysis in a Cary 300 spectrophotometer. After the reaction had stopped, another aliquot of the enzyme was added to ensure complete digestion. The solution was then lyophilized, and redissolved in 350 ll D 2 O containing 30 nmol DSS-d 6 for analysis by NMR.
NMR data collection
NMR spectra were recorded at 20°C on a Varian Inova spectrometer operating at 14.1 T equipped with a cold probe. One-dimensional 1 H NMR spectra were recorded with a 2 s acquisition time and a 3 s relaxation delay during which the transmitter was used to saturate the residual water signal. One-dimensional 1 H-{ 13 C}-HSQC spectra were recorded using an acquisition time of 0.15 s and a recycle time of 1.5 s, with the 13 C decoupling set to 80 ppm, and the evolution delay set for 160 Hz.
Two-dimensional TOCSY spectra were recorded using a spin lock duration of 50 ms with a B 1 field strength of 9 kHz, and acquisition times of 0.34 s in t 2 and 0.043 s in t 1 . Data were zero-filled to 8,192 by 2,048 points, apodized with an unshifted Gaussian and a 1 Hz line broadening exponential in both dimensions prior to Fourier transformation.
One-dimensional 1 H-{ 15 N}-HSQC spectra were recorded using an acquisition time of 0.15 s and a recycle time of 1.5 s, with the 15 N GARP decoupling set to 120 ppm, and the evolution delay set for 10 Hz corresponding approximately to 2 J NH (Ippel et al. 1996) . 2D 1 H-{ 15 N}-HSQC spectra were recorded with acquisition times of 0.15 s in t 2 and 0.021 s in t 1 with a recycle time of 1.6 s. The data were zerofilled in t 2 , linear predicted and zerofilled in t 1 to a final 8,192 by 2,048 points, apodized with an unshifted Gaussian and a 1 Hz line broadening exponential in both dimensions as previously described (Fan and Lane 2011b) .
Assignments were made according to the chemical shifts and scalar coupling patterns in TOCSY and by reference to our databases Fan and Lane 2011b) . The chemical shifts of the nucleotide in the P1 nuclease digestion buffer were verified against standards in the same buffer system.
The fractional incorporation (F) for specific 13 C positional isotopomers was determined by normalizing the areas or volume of 13 C satellite peaks in 1-D or the TOCSY spectra against the total integrated area or volume of central plus satellite peaks, with appropriate corrections for differential relaxation as previously described (Lane and Fan 2007; Fan and Lane 2008; Lane et al. 2008 ) according to Eq. 1.
A is the peak area (1D) or peak volume (2D TOCSY). 13 C satellite peaks arise from the one-bond 13 C-1 H J coupling, which splits the resonance into two components separated by the coupling constant J, as shown by the boxes in Fig. 1 . Peak areas or volume were determined using Varian VNMR or MResNova software. 
13
C satellites for AXP (red and black boxes) and UXP ? CXP (cyan box) are much more intense than the 12 C cross peak, indicating essentially all of the ribose carbons were derived from glucose via the pentose phosphate pathway (Color figure online) aspartate (Fig 1a) and the pyrimidine rings of the free nucleotides, which were extensively 13 C-labeled by 24 h. In contrast these molecules showed much less labeling from [U-
13 C]-glucose as the source (Fig. 1b) . The % enrichments at specific carbon positions of these molecules are given in Table 1 . With [U-
13 C]-glucose as the source, only 15-20% of the Glu, Asp and pyrimidine rings contained 13 C, whereas with [U-13 C, 15 N]-glutamine as source, these metabolites were more than 75% labeled by 24 h. Furthermore, the degree of label scrambling was lower for glutamine than for glucose (Table 1; Fig. 1 ). These data show that Gln is preferred over glucose as the carbon source for the synthesis of Glu, glutamate in GSH, aspartate, and pyrimidine rings.
Glutamine is converted to glutamate via glutaminase, and amidotransferase reactions. The glutamate product can be incorporated directly into GSH, or enter the Krebs cycle at 2-oxoglutarate (Fig. 2) via the transamination or oxidative deamination reactions. OAA formed in the Krebs cycle is subsequently transaminated to form aspartate and removed from the Krebs cycle for pyrimidine biosynthesis (Fig. 2) . Aspartate provides three of the four carbon atoms of uracil (Fig. 2) and cytosine (i.e., C4, C5, and C6). As expected for a direct precursor-product relationship, the labeling pattern in Asp and the pyrimidine rings was very similar (Table 1) . The Gln to Asp route is more direct than the glucose to Asp path, which involves both glycolysis and the Krebs cycle (Fig. 2) . This supports the above conclusion that glutamine is the preferred carbon source for pyrimidine ring synthesis, even in the presence of excess glucose. In addition, the presence of the scrambled 13 C pattern in both aspartate and the pyrimidine rings when cells were grown on 13 C-Gln ? 12 C-Glc indicates that a significant mixing of carbon sources via the Krebs cycle occurred under these conditions. The 13 C labeling pattern of the ribose component of the free nucleotides had an opposite trend to that of the pyrimidine rings. With [U-
13 C]-glucose as tracer, the ribose rings of the free nucleotides were [92% 13 C labeled whereas little 13 C label was detected in ribose with 13 C-Gln as the source ( Fig. 1e and f; Table 1 ). There was also no detectable scrambling of ribosyl label from [U-
13 C]-glucose, indicating that the ribose rings were synthesized directly from glucose via the pentose phosphate pathway. The lack of incorporation of 13 C into ribose from 13 C-Gln implies that there was no significant gluconeogenesis under these conditions. Although, glutamine is not expected to provide carbon directly to purine biosynthesis, the amido nitrogen of Gln is incorporated into N3 and N9 of the purine ring (Murray et al. 2009) .
15 N at these positions can be readily detected by 2-bond coupling to H2 and H8 of the adenine rings, respectively. N9 endocyclic nitrogens of purine rings (derived from the amido N of Gln) were observed indirectly via the coupled protons. A significant incorporation was observed even at 6 h of labeling, implying rapid de novo synthesis of the purine nucleotides, similar to that of the pyrimidine nucleotides where H2 and H8 signals were evident as a result of the coupling to 15 N at N3 and N9. The degree of labeling at 24 h was calculated from the 1-D proton spectrum (not shown) by comparing the intensity of the 15 N satellites with that of the central or unlabeled H8 peak of the adenine ring. The adenine nucleobases showed 70% of 15 N enrichment, which is consistent with de novo synthesis over a period of more than one cell doubling.
The free nucleotide pool comprises all four common nucleotides plus NAD ? . Because the intracellular concentration of the nucleotides was maintained essentially constant during the growth, the sizable presence of de novo synthesized ribonucleotides indicates that the pre-existing nucleotides were incorporated into a pool that was not extracted by aqueous acetonitrile. The most likely product is polymeric RNA, which led us to examine the incorporation of 13 C from [U-13 C]-glucose into the nucleotide components of RNA.
Incorporation of newly synthesized nucleotides into RNA
Total RNA was extracted from A549 cells at different times after growth in [U-13 C]-glucose and digested with P1 nuclease as described in the methods. To monitor the hydrolysis of RNA to its component nucleoside monophosphates, we followed the absorbance at 260 nm and verified the production of free mononucleotides by 1-D 1 H NMR. As we have demonstrated for cellular extracts, it was unnecessary to separate the nucleotides by chromatography, as each nucleotide was sufficiently resolved by NMR. Furthermore, the RNA isolation step was very effective in removing contaminating non-nucleic acid components, resulting in simple NMR spectra, as shown in Fig. 4 . Figure 4a shows 1-D 1 H-{ 13 C}-HSQC spectra at 10 h and 23 h post labeling with 13 C-glucose. These spectra show that the incorporation of labeled glucose carbon into the ribose moieties of both purine and pyrimidine nucleotides increased as the cells proliferated. Furthermore, all five ribosyl carbons were labeled, as expected from using [U-13 C]-glucose as the source (see above). The fractional 13 C incorporation into the pyrimidine rings and the ribosyl units of nucleotides hydrolyzed from RNA at 23 h were determined from the TOCSY spectrum shown in Fig. 4b and c, respectively. The isotopomer quantifications are summarized in Table 2 . The pyrimidine rings showed incorporation of 13 C from labeled glucose at either C5 or C6, which together accounted for about 10% of the total pool; very little was doubly labeled (Fig 4c; Table 2) compared with approximately 20% in the free nucleotide pool (Table 1 ). In contrast, the ribose moieties of the RNA nucleotides were much more heavily labeled from 13 C-glucose (Fig. 4b) (ca. 50%, Table 2 ) as observed for the free nucleotide pool (see above). This is again roughly half the level observed in the free nucleotide pool ([95%, Table 1 ) after 23 h labeling with 13 C-glucose. On the other hand, the cells doubled only once in this period, which is consistent with half of the isolated RNA coming from pre-existing unlabeled material in the cells prior to adding 13 C glucose. The low extent of labeling in the pyrimidine rings of RNA nucleotides may reflect not only pre-existing unlabeled RNA but also the preference for carbon sources other than glucose (e.g., glutamine; see above) for de novo pyrimidine ring biosynthesis.
It should be noted that these analyses were performed with only 30 lg of total 100 lg RNA extracted from cells grown on a single 10 cm plate, leaving sufficient material also for a typical gene microarray experiment.
3.3 Effect of MSA on the biosynthesis of free nucleotides and RNA MSA is a potent inhibitor of cancer cell proliferation (IC 50 = 5 lM for A549 cells) and induces numerous metabolic and morphological changes (T. W-M. Fan et al., unpublished data) . Central metabolism including nucleotide metabolism is expected to decrease as growth is inhibited. Here we focused on nucleotide biosynthesis via the pentose phosphate pathway and pyrimidine ring synthesis, and subsequent incorporation into RNA. As Table 1 indicates, the incorporation of 13 C from labeled glucose into the ribose moieties of the free nucleotides and uracil/ cytosine base rings was substantially lower at 23 h in the presence of 5 lM MSA. Also attenuated was the degree of labeling in the Krebs cycle markers Glu and Asp. The reduced labeling of the precursor Asp presumably led to the reduced synthesis of the pyrimidine ring products (Table 1 ). Figure 5 shows a representative time course of 13 C incorporation from [U-
13 C]-glucose into the C1' of free nucleotide riboses, in the absence (open symbols) and presence (filled symbols) of 5 lM MSA. The reduced rate of synthesis in the presence of MSA was pronounced for both the purine and pyrimidine nucleotides, and was accompanied by a substantial decrease in proliferation. This is consistent with an inhibitory effect on 13 C incorporation into RNA (Supplementary materials). The reduced incorporation rate into both the ribose moiety and the pyrimidine rings suggest a close link between inhibition of cell proliferation and nucleotide synthesis.
Concluding remarks
We have shown that nucleotide synthesis in the free pools and their incorporation into the major cellular sink, RNA, can be readily followed by 1-D and 2-D NMR using stable isotope tracers such as [U-
13 C]-glucose or [U-13 C, 15 N]-glutamine with less than 2 mg of dry cell materials. The NMR analysis enabled the determination of fractional enrichment and atomic position of label incorporated into both ribose and nucleobase units of individual intact nucleotides, as well as in precursors and other metabolites in the same experiment. This provides many more crucial parameters for pathway modeling than existing massspectrometry-based methods. We found that [U-
13 C]-glucose was preferentially incorporated into the ribose moiety of all nucleotides, whereas 13 C, 15 N-glutamine was the preferred carbon source for the synthesis of the pyrimidine rings, in addition to providing nitrogen for the N9 and N3 positions of the purine rings. This in part accounts for the requirement of glutamine for cancer cell proliferation (Yuneva 2008) . We have observed similar differences in label incorporation into the nucleotide pools of several other cancer cells in culture Fan and Lane 2011b) (and A.N. Lane, T.W-M. Fan, unpublished data) , suggesting that the present observations in A549 cells may reflect a generally distinct role of glucose and glutamine in nucleotide biosynthesis. As nucleotides are used in a wide variety of cellular processes in addition to RNA and DNA biosynthesis (Morrish et al. 2009; Murray et al. 2009; Moseley et al. 2011 ), a simple method to determine nucleotide biosynthesis and utilization is necessary for understanding the regulation of cell proliferation. The direct observation of labeling patterns in nucleotides enables such a conclusion, which might otherwise be ambiguous based on the labeling patterns of metabolically remote metabolites (DeBerardinis et al. 2007; Hiller et al. 2010) or from total pool analysis without tracers (Lu et al. 2010) . Furthermore, the importance of nucleotide and RNA biosynthesis in modulating cancer cell proliferation can be inferred from the parallel inhibition of both processes by MSA, which was presumably mediated through the reduced production of the Asp precursor. This interference with nucleotide metabolism by MSA may be an important factor underlying its anti-cancer action. 
